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BMPs are essential regulators of cell fate during early embryonic
development. Molecular genetics and in vivo imaging of cell behaviors in
zebrafish now demonstrate a role for BMPs in the control of cell
adhesion. The work reveals an important newmechanism governing cell
movements during gastrulation.John B. Wallingford1,*
and Richard M. Harland2
Even though embryos of diverse
vertebrate groups develop a similar
body plan after neurulation, the
most cursory inspection of early
developmental stages shows
enormous differences in how
these animals reach this phylotypic
stage. Many of the differences in
early development reflect
constraints of embryo nutrition,
such as the need for a large
yolk supply in egg-laying
vertebrates versus the need to
implant in the uterine wall in
mammals [1]. But even with those
obvious constraints, one of the
shocking features of early
vertebrate development is
that completely different cell
behaviors are used during
gastrulation [2–4].
For example, the chick and the
mouse show large-scale
epithelial-to-mesenchymal
transitions, whereby cells ingress
from the epiblast to form the
mesoderm. In contrast, sheets of
cells remain coherent as they move
into the embryo in the frog
Xenopus. Do these differences
illustrate deep divergence in the
mechanism of gastrulation, or
are we as yet too ignorant to see
the underlying similarities? Of
course any understanding of such
issues will require us to know
much more about the mechanisms
that control cell behaviorsduring gastrulation. A new paper
from Hammerschmidt and
colleagues in this issue of Current
Biology makes a very welcome
contribution [5].
A popular hallmark of frog and
fish gastrulation is the movement
of convergence and extension,
during which tightly packed cells
converge and intercalate to
lengthen and narrow the
anterior-posterior axis. However,
in the bony fishes, the ventral and
lateral cells initially migrate as
loose cells towards the dorsal
midline in a luxuriant extracellular
matrix [6–8] — a behavior that is
conspicuously absent from
Xenopus [2–4] (Figure 1A,B).
Previous analyses of mutant
zebrafish had indicated a negative
role for bone morphogenetic
proteins (BMPs) in this dorsal
migration of lateral mesoderm
cells [9]. However, as ventral
identities are also specified by
BMP signaling and ventral cells
do not engage in robust cell
movements, it can be difficult
to deconstruct how immediately
BMPs affect morphogenesis
(e.g. [10–12]). Are BMPs directly
involved in the cell movements,
or do BMPs simply specify a
cell fate that then displays a
certain morphogenetic
property?
In the new work, von der Hardt
et al. [5] reveal that BMPs have
direct effects on cell adhesion and
thereby affect lateral cellmovements during zebrafish
gastrulation. Not only do the
authors separate cell fate and
cell movement, but they also
exploit high-resolution imaging
of the cells to gain insight into
the underlying cellular
mechanisms. Global
morphogenesis is something
that can be disrupted all too
easily, but cellular behaviors
often respond to molecular
manipulations with great
specificity, so this type of
analysis provides additional
strength to the conclusions.
To modulate BMP signals
the authors used an array of
mutants and morpholino
oligonucleotide-mediated
knockdowns — either of the
genes for the ligands, the Alk8
receptor, or of the cytoplasmic
transducer Smad5. BMP
signaling was then restored
locally by application of BMP
beads. Ventral placement of
such beads restored a normal
dorsally directed migration
of lateral mesoderm cells.
Strikingly, however, dorsal
placement of such beads in
bmp2 morphants was sufficient
to drive cell migration ventrally,
leading to a piling up of
mesodermal cells on the ventral
side (Figure 2A–C).
One key experiment was to
dissociate the effects of BMP
signaling on cell movement from
its effects on cell identity. The
authors found that the migratory
properties of cells were radically
changed between embryos that
otherwise showed the same
expression patterns of markers of
cell identity. These experiments
exploited the observation that
lamellipodial activity and
migration require the hyaluron
synthase Has2 [13]. In embryos in
which has2 expression was
Dispatch
R207reduced, but not eliminated,
dorsal migration of marginal cells
showed exquisite sensitivity to
small changes in BMP levels
(Figure 2D–F), even though the
dorsal-ventral pattern of gene
expression was not affected by
these small changes in BMP
signaling levels.
Next, the authors undertook
mosaic analysis of labeled cells
injected into embryos. These
experiments refute the simple idea
that a high point of BMP expression
in the ventral margin has
a chemorepellent effect, as
transplanted alk8 mutant cells,
which are unable to transduce
BMP signals, still migrate away
from the BMP source. In this
respect, the behavior is different
from the chemorepellent effect
of BMP in the vertebrate spinal
cord, where BMP secreted by
roof plate cells causes a subset
of neurons to project their
axons away from the BMP
source [14].
Gastrulation movements require
both planar cell polarity (PCP)
signaling and FGF signaling
[15–17]. Thus, the authors next
asked if such signals were required
to elicit the observed
BMP-directed cell migrations.
Interestingly, cells robustly
migrated away from BMP-coated
beads in embryos lacking either
PCP or FGF signaling components.
If BMPs are not modulating these
pathways, what are they doing? In
a screen for enhancers of BMP
gain-of-function phenotypes, the
authors identified alleles of
N-cadherin. Reduction in
N-cadherin greatly exacerbated
the migratory defects caused by
BMP, again without changing cell
fates. Moreover, cells migrate away
from beads soaked in calcium
chelating compounds, which
should mimic a gradient of calcium
dependent, cadherin-mediated
cell–cell adhesion. These
experiments show that cell–cell
adhesion is an important
prerequisite for cell movement in
this context [5]. With this new
molecular information, the
authors then tackled the cellular
basis of the phenotypes they
observed.
The key to understanding any
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Figure 1. Cell behaviors during vertebrate gastrulation and the role of BMPs in zebrafish.
(A) Convergent extension in fish involves first (T1) a dorsally directed migration of
individual lateral mesodermal cells; as cells reach the midline (T2), they engage in con-
vergent extension. (B) In Xenopus, both medial and lateral mesoderm cells use only
mediolateral intercalation. There is no dorsally directed individual cell migration of lat-
eral cells. (C) In wild-type zebrafish embryos, a BMP gradient directs generation of an
adhesive gradient. Dorsally directed lamellipodia (blue) make more stable attachments
than do ventrally directed ones (green), such that the net movement of the cell body is
directed towards the dorsal side. (D) In the absence of the BMP gradient, both dorsal
and ventral protrusions make stable contacts and their retraction results in cell body
displacement. (E) In the presence of excess BMP, neither dorsal nor ventral protru-
sions can make stable contacts; lamellipodial retractions are futile.understanding how individual cells
within that tissue change their
behavior [18]. To examine the
role of BMP and dynamic cell
adhesion during dorsal
convergence, the authors
employed in vivo time-lapse
imaging. They found that either
BMP overexpression or BMP
knockdown eliminated the net
dorsal movement of lateral
mesoderm cells. Interestingly, the
two treatments elicited this effect
via distinct mechanisms. They
observed that cells in BMP
morphants moved at a normal
speed, but without a coherent
direction, whereas cells in embryos
overexpressing BMP moved only
very slowly by comparison.
Analysis of the protrusive activityof the manipulated cells revealed
a fascinating phenotype: BMPs
appear to affect the ability of
cellular protrusions to convert their
retraction into productive
movement of the cell body. Many
molecules that influence
convergent extension affect the
function of the lamellipodial
protrusions that drive cell
movement. However, most
manipulations affect the polarity or
stability of protrusions. In Xenopus,
for example, lamellipodia form
normally in cells lacking PCP
signals, but these lamellipodia are
highly unstable and are not
properly oriented [15]. By contrast,
manipulation of BMPs in zebrafish
did not affect the stability or
polarity of the lamellipodial
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Figure 2. BMPs directly
control cell migration during
gastrulation.
(A) Marked cells (green) are
placed in the lateral margin
of the shield stage zebrafish
embryo (ventral is to the left
and dorsal to the right) and
allowed to develop to tail-
bud stages (B–F). (B) Control
cells migrate to the dorsal
side (dark grey, anterior at
the top). (C) In an embryo
lacking Bmp2, with a bead
(red) as a new source of
BMP implanted near the
dorsal structures, marked
cells migrate away from the
BMP source. (D,E) Neither
modest reduction of bmp
dosage, nor partial reduc-
tion of Has2 has any effect
on the dorsal migration of
marked cells, but in contrast,
marked cells fail to move
dorsally when both bmp2
and Has2 are reduced (F).protrusions. Instead, BMPs
affected the ability of cells to
convert lamellipodial retraction into
productive movement of the cell
body [5].
The new work [5] also shows that
lateral mesoderm cells produce,
in equal number, lamellipodia
pointing either dorsally or ventrally.
In early gastrula cells, these
lamellipodia are able to drive cell
body displacement in either
direction. At later times, the
dorsally directed lamellipodia still
effectively drive cell body
displacement; however, ventrally
directed lamellipodia
lose adhesion and retract without
displacing the cell body
(Figure 1C). As such, a continuous
net dorsal movement occurs
during these later stages as a
result of unequal cell body
displacement by retracting
lamellipodia. BMPs were found to
have robust effects on this
system: First, in embryos lacking
BMP2, both dorsal and ventral
lamellipodia maintain adhesion
as they retract and thus displace
the cell body (Figure 1D). This
explains why the speed of these
cells is normal even though they
do not make a net dorsal
movement. In embryos withuniformly high BMP signal,
lamellipodia become unstuck
and thus retractions rarely
cause cell body displacement
(Figure 1E). The authors conclude
that cells project adhesive
contacts to one another, and
when these lamellipodia retract,
full adhesion is needed for the
cells to pull on one another
and to move. In an environment
of reduced adhesion — for instance
in regions with higher BMP
activity — lamellipodia break
their contacts when they retract.
Thus, graded adhesion allows
for graded migration
without having a localized
repellent or attractant.
So, is this gastrulation
mechanism unique to the fish,
or is it widely conserved?
Perhaps this graded adhesion
system for the loose lateral cells
of the fish embryo is homologous
to the dorsoventral differences
in cell adhesion that are seen
within the coherent sheets of the
gastrulating frog embryo [19].
Perhaps it is even homologous to
the graded activity of cadherins
that govern emigration of
mesoderm from the mouse
primitive streak [20]. Similar
analyses that combine molecularmanipulation with the imaging of
subcellular behavior will continue
to be the best way forward as we
endeavor to understand embryonic
morphogenesis.
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Very few people fail to be amazed
by the remarkable ways in which
animals camouflage themselves,
and in scientific circles, entire
books have been written on the
subject [1–3]. To have a body
whose form is similar to a leaf or
a stick in order to be hidden against
a background of foliage, or a body
whose patterning and colouration
blends into the background, is
a widespread evolutionary trick for
fooling potential predators into
believing that the objects they are
viewing are actually something else
and, more importantly, inedible.
Most known examples of
camouflage involve its use during
daylight hours. Even though this
partly reflects the diurnal habits of
scientists, it also reflects the fact
that visual predation is easier and
more common in bright light. Not
surprisingly, elaborate camouflage
mechanisms are widespread in
prey animals that need to conceal
themselves during the day.
Nocturnal camouflage colouration
does occur (for example [4]), but
there has been no demonstration
of camouflage patterns tailored
to different backgrounds at
night — until now, that is. In a
recent study, Roger Hanlon and
colleagues [5] have discovered
active nocturnal camouflage in the
giant cuttlefish Sepia apama,
a species of cephalopod that lives
in the temperate coastal waters of
southern Australia. This finding18. Trinkaus, J.P. (1969). Cell Into Organs -
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Cell 125, 957–969.iding in the Dark
uflage themselves against
e phenomenon. Now it has even
hting the reality of nocturnal visual
suggests that cuttlefishes are the
victims of active visual predation at
night, which has implications for
the visual powers not only of the
predator, but also of the cuttlefish
itself, which must use its visual
system to match its body
colouration to that of the substrate.
In the world of camouflage, few
animals are more impressive than
cephalopods. Many species have
almost magician-like abilities to
disappear, changing the shape,
colour and patterning of their
bodies, often at breathtaking
speed, to near-perfectly match the
substrate upon which they sit [6].
This ability is due to the presence
of specialised organs in the
integument known as
chromatophores. These organs,
densely distributed within the
dermis, contain an internal
sacculus filled with pigment
granules of a specific colour,
typically yellow, orange, red or
black. A change in skin colour is
produced by a muscular
contraction or expansion of the
sacculus that respectively
concentrates or dilutes the
pigment granules. The
sophistication of the colour change
is often enhanced by the presence
of iridophores, multi-layer stacks of
thin protein platelets that alternate
with layers of cytoplasm. These lie
directly beneath the
chromatophores and produce
brilliant iridescent structural
colours that shine through the
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DOI: 10.1016/j.cub.2007.02.010Unlike the chromatophores of
crustaceans, which are under slow
hormonal control, those of
cephalopods are under neural and
muscular control. The movement of
pigment can thus be extremely
rapid and, for a human observer,
colour and pattern changes may
seem almost instantaneous. Some
cuttlefishes even have the ability to
produce bands of colour that move
across the body surface, an
amazing spectacle for those
fortunate to see it. These rapidly
changing, or ‘acute’ [7,8], patterns
are often highly ritualised and are
a common feature of aggression
displays [6]. ‘Chronic’ patterns
[7,8], in contrast, may be held for
hours or even days, and are typical
of camouflage patterns during rest.
The repertoire of chronic body
patterns that cephalopods can
produce seems almost as varied as
the substrates upon which they rest.
This repertoire essentially spans
between two extremes, from
‘uniform’ (Figure 1A) to ‘strongly
disrupted’ (Figure 1C) [9]. A finely
stippled uniform pattern is likely to
be adopted by a cephalopod resting
on an even sandy substrate,
a pattern that matches both the
colour and intensity of the sand. On
a much more complicated
substrate, say one consisting of
stones of variable colour and size,
the cephalopod is likely to produce
a strongly disrupted pattern of
variably sized dark and light
squares, bars and bands. On
substrates of intermediate
complexity, ‘mottled’ patterns
are produced that consist of light
anddark blobs of variable shape and
size that roughly correspond to the
particlesof thesubstrate (Figure1B).
Cephalopods achieve this
remarkable pattern matching
visually [10–14]. Even though
